Invasive disease caused by Neisseria meningitidis continues to be a primary health concern worldwide. Meningococcal capsular polysaccharides (MnPSs) are the basis for serogroup identification and remain a primary target for vaccine development. Four serogroups are currently included in licensed vaccine formulations (18) . Serogroup A (-6ManpNAc-␣1-OPO 3 -) and C (-9-NeupNAc-␣2-) MnPSs are homopolymeric carbohydrates, while serogroup Y (-6-Glcp-␣1-4-NeupNAc-␣2) and W135 (-6-Galp-␣1-4-NeupNAc-␣2) MnPSs are polymers of disaccharide repeating units with closely related primary structures (2, 3, 5, 16, (19) (20) (21) . Bactericidal antibodies specific for the meningococcal capsule confer protection against systemic meningococcal illness in the absence of the so-called blocking antibodies (14) .
Humoral responses to various antigens are often quantified by some variation of the enzyme-linked immunosorbent assay (ELISA) (9, 10) . The most common ELISA procedures involve the direct adsorption of an antigen to a solid support, such as polystyrene in a 96-well format, although more exotic assays have been described (see reference 6 for a review). Established ELISA methods for measuring anti-MnPS antibodies in human sera have been in use for over a decade. These procedures generally involve the use of a binding agent such as methylated human serum albumin (mHSA) (22) to promote adsorption of the hydrophilic polysaccharides to the polystyrene surface of the assay plate (1, 7, 13, 23, 24) . Published methods were used by the Centers for Disease Control and Prevention (CDC; Atlanta, Ga.) to create the standard reference serum CDC1992 (8, 17 ) from 14 postvaccination human sera and to assess this pooled standard against the two previous single-donor meningococcal reference sera, ECG (15) and PB-2 (11, 12) .
The purpose of this study was to define and optimize our ELISA operating conditions for serogroup Y and W135 MnPSs by using pre-and postvaccination human sera and reference serum CDC1992. Our results provide a detailed analysis of MnPS antigen coating conditions for these ELISA methods.
(This work was presented in part at the 13th International Pathogenic Neisseria Conference in Oslo, Norway, 2002.)
Experimental vaccination. Twenty-eight consenting, healthy, adult volunteers (ages 21 to 57 years) with no history of meningococcal disease were selected to take part in this study. Plasma was collected from these subjects prior to vaccination and converted to sera with a COBE Spectra apheresis system (approximately 1 liter per subject). Subjects received a single dose of meningococcal polysaccharide vaccine (Menomune; Aventis) (50 g [each] of serogroups A, C, Y, and W135 in a 0.5-ml dose administered subcutaneously) on day 0, and sera were collected from vaccinated subjects at approximately week 4 by plasmapheresis as described above. This study complied with all relevant federal guidelines and institutional policies. Analysis of sera from adult volunteers. Functional bactericidal antibodies were measured in pre-and postvaccination sera as previously described (4, 23, 24) . Likewise, the concentrations of MnPS-specific immunoglobulin G (IgG) antibodies (in micrograms per milliliter) in unknown and control sera were measured by using the reference standard, CDC1992, as previously described (8, 17) . The results of the experimental vaccination are shown in Table 1 . Overall, the geometric mean concentration (GMC) of anti-serogroup C MnPS IgG increased 148-fold. Likewise, the geometric mean serum bactericidal titer (bactericidal GMT) (serogroup C strain C11) (see Table 2 ) increased 212-fold overall. The GMC and bactericidal GMT of anti-serogroup A (strain F8238) rose 72-and 18-fold, respectively, although the overall GMT for these samples was nearly 3-fold higher than the GMT for serogroup C. This discrepancy can be attributed to the finding that, overall, antiserogroup A bactericidal titers in prevaccination sera were higher than anti-serogroup C titers. The GMTs of anti-serogroup Y and W135 increased 196-and 69-fold, respectively, and prevaccination titers were within the range observed for serogroup C. Overall, the concentrations of anti-serogroup Y and W135 MnPS IgG increased 26-and 24-fold, respectively. Therefore, on the whole, the volunteers responded immunologically well to the MnPS vaccination.
Serum IgG antibody binding profiles. Standard antigen titration assays (10 to 0.01 g/ml in antigen dilution buffer with various mHSA concentrations) were performed to determine the optimal coating conditions for serogroup A, C, Y, and W135 MnPSs, with mHSA as the binding agent. The profiles of the anti-serogroup A IgG response were qualitatively similar among all sera tested and emulated that of standard reference serum CDC1992 (Fig. 1A) . The optimal coating concentration was determined to be within 1 to 3 g/ml for serogroup A MnPS and 0.5 g/ml for mHSA in phosphate-buffered saline (PBS) for nearly all samples tested. All constituents of these assays have been optimized based on these coating conditions. Likewise, optimal binding for serogroup C MnPS was consistent for all sera tested (data not shown).
A small subset of postvaccination sera displayed antibody binding profiles that deviated sharply from that of CDC1992 for serogroups Y (Fig. 1B) and W135 (data not shown) . The optimal antigen-coating concentration for these assays varied depending on the serum tested. These results were confirmed (R. Borrow [Vaccine Evaluation Laboratory, Public Health Laboratory Service, Manchester, United Kingdom], personal communication) with an independent serum panel. The assay parameters were examined in an attempt to resolve the disparity in antibody binding profiles for these sera. Serum profiles were found to be qualitatively independent of assay plate manufacturer; antigen and antibody dilution buffers (PBS, pH 7; carbonate-bicarbonate buffer, pH 9; or succinate-buffered saline, pH 6); various incubation times and temperatures; and the source of mHSA, MnPS, and secondary antibody conjugate. The final mHSA concentration influenced the peak colorimetric signal (A 405 Ϫ A 690 ) but did not influence the relative IgG response profiles for these sera. Our data suggest that specific Y and W135 MnPS epitopes are optimally accessible at different antigen concentrations under these test conditions.
Experiments with monoclonal antibodies (MAbs) were conducted to test this hypothesis. The advantages of using MAbs instead of serum are that (i) each MAb recognizes a unique epitope and (ii) there are no other antibodies present, specific or cross-reactive, to compete for binding to the adsorbed antigen and influence the measured antibody binding profiles. Serogroup Y antigen titration assays (1 to 0.001 g/ml in antigen dilution buffer with various mHSA concentrations) were performed with MAbs generated in mice against either serogroup Y or W135 MnPS (Table 3 ). The MAb binding profiles were shown to be analogous to our observations with human sera (Fig. 1C) . The binding profiles for MAbs 4-1, 29-44, and 35-39 parallel the IgG binding profile for reference serum CDC1992. In contrast, MAb 52-35 (generated against serogroup W135 MnPS) and MAb 38-49 (specific for O-acetylated serogroup Y MnPS) showed optimal binding to serogroup Y MnPS at relatively higher coating concentrations. These data support the hypothesis that MAb-specific epitopes are optimally accessible at different points on the antigen titration curve.
MnPS coating recommendations. Serogroup Y (-6-Glcp-␣1-4-NeupNAc-␣2) and W135 (-6-Galp-␣1-4-NeupNAc-␣2) antigens are structurally similar MnPSs composed of disaccharide repeating units. These antigens are somewhat more complex than serogroup A (-6ManpNAc-␣1-OPO 3 -) and C (-9NeupNAc-␣2-) MnPSs, and likewise the IgG binding profiles for Y and W135 MnPSs are shown to be more heterogeneous in our assays. A subset of postvaccination sera showed binding profiles that diverge from that of reference serum CDC1992. This circumstance creates a problem for the serogroup Y and W135 ELISAs. The concentration of MnPS-specific IgG antibodies present in sera is calculated by the log or log-linear regression method or by the four-parameter logistic method in our assays, and these calculations are based on a standard curve for reference serum CDC1992, which is generated on the same assay plate. Since the profile for the reference serum does not par- Table 3 for production antigens and specificities. All MAbs were prediluted 1,000-fold in antibody dilution buffer. Reference sera CDC1992 and 89s-2 were prediluted 1,000-and 500-fold, respectively. The inset in panel C shows IgG profiles for human sera at the same concentration range. Data represent the mean results for three data points. Ag, antigen. allel the antibody binding profiles for a subset of sera, the calculated anti-MnPS IgG concentrations for these sera are dependent on antigen coating conditions. The serum most divergent from CDC1992 showed roughly a 10-fold difference in the optimal antigen-coating concentration and an 8-to 10-fold difference in the calculated IgG concentrations (in micrograms per milliliter) as a function of coating concentration. Ultimately, higher MnPS and mHSA coating concentrations (e.g., 5 g/ml each in PBS) provide more reliable results in our ELISA and mask inconsistencies associated with various mHSA preparations, which affect these assays at lower mHSA concentrations (Pearson's correlation coefficient [r] of 0.98 for both serogroup Y and W135 MnPSs). Furthermore, these coating conditions are most similar to those used by the CDC Immunology Section. Therefore, it is recommended that testing laboratories resolve optimal assay parameters based on the published (CDC) coating conditions for Y and W135 MnPS antigens whenever possible.
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